. The SH2 domain contains the FLVRES motif that forms a phosphotyrosine-binding pocket involved in protein-protein associations. Disruption of the v-Abl SH2 domain results in defects in cell transformation, suggesting that signaling cascades influenced by the SH2 domain affect multiple pathways (26, 52) . Although the v-Abl SH2 domain has been associated with signaling to the Ras, PI3-K, and c-Myc pathways (reviewed in reference 66), the ways that particular SH2 binding proteins transmit signals downstream from this domain have not been elucidated.
Abelson murine leukemia virus (Ab-MLV) arose from recombination between Moloney murine leukemia virus and the cellular proto-oncogene c-abl, an event that resulted in expression of a constitutively active tyrosine kinase called v-Abl. Ab-MLV transforms pre-B cells and NIH 3T3 cells in vitro and induces pre-B-cell lymphoma in vivo (43) . Transformation by Ab-MLV requires v-Abl kinase activity and an intact SH2 domain (26, 30, 43) . The SH2 domain contains the FLVRES motif that forms a phosphotyrosine-binding pocket involved in protein-protein associations. Disruption of the v-Abl SH2 domain results in defects in cell transformation, suggesting that signaling cascades influenced by the SH2 domain affect multiple pathways (26, 52) . Although the v-Abl SH2 domain has been associated with signaling to the Ras, PI3-K, and c-Myc pathways (reviewed in reference 66), the ways that particular SH2 binding proteins transmit signals downstream from this domain have not been elucidated.
The adaptor protein Shc is one molecule that binds to the SH2 domain of v-Abl. Once bound, Shc becomes tyrosine phosphorylated (35, 38) and associates with Grb2/Sos, a complex that can activate Ras. Association with Grb2 requires phosphorylation of Y239, 240, and 313, three tyrosines located in the CH1 domain of Shc (20, 25) . These residues become phosphorylated upon activation of several different receptors and are probably targets of v-Abl (reviewed in reference 40). Shc phosphorylation can promote cell growth and survival depending on the cell type and context, and multiple pathways, including those involving Ras/mitogen-activated protein (MAP) kinase and PI3-K/Akt, can be affected (18, 19, 24, 32) .
In addition to Ab-MLV-mediated transformation, Shc proteins have been implicated in Ret/Ptc2, Trk-T3, ErbB2, and polyomavirus middle-T transformation, and hyperphosphorylation of Shc has been documented for several types of cancer (4, 31, 37, 53) .
Shc influences Ras and Myc, two molecules required for Ab-MLV transformation, (16, 47, 48) , reinforcing the possible functional link between v-Abl and Shc. In addition, Shc binds P120/R273K at a reduced level (26) . This mutant form of v-Abl retains its ability to block apoptosis but is compromised in its ability to stimulate growth of cells (17, 26) , suggesting that Shc may be particularly important for v-Abl-induced proliferation. To test this idea directly and to probe the nature of the signals that pass from v-Abl through Shc to downstream effector proteins, we studied transformation of pre-B cells coexpressing Ab-MLV and dominant-negative (DN) mutants of Shc. These experiments revealed that Shc function is important for transformation and influences growth by transmitting signals that integrate downstream with the Ras-Raf-MAP kinase pathway.
(Applied Biosystems) and were amplified by using a GeneAmp 5700 sequence detection system (Applied Biosystems). Samples were heated for 10 min at 95°C and amplified for 40 cycles of 95°C for 15 s, 59°C for 1 min, and 81°C for 10 s. The amount of v-abl DNA was determined by using a standard curve generated from v-abl plasmid sequences. The amount of cellular DNA in each sample was normalized by amplifying a portion of the Rag1 locus by use of primers 5Ј-AT CATCTGTGGTTAGCCGTCTGT-3Ј and 5Ј-ATTATGTATCAGCTCTCACG CCC-3Ј. Samples were heated for 10 min at 95°C and amplified for 40 cycles of 95°C for 15 s and 60°C for 1 min. Amplified sequences were analyzed using GeneAmp 5700 SDS software. Bone marrow cells were infected with equivalent titers of the different viruses, plated in 35-mm-diameter culture dishes, and monitored for growth. When bone marrow cultures contained 2 ϫ 10 6 pre-B cells/ml, the dishes were scored as transformed (1, 26, 62) .
Plasmids and transfections. v-abl and Shc sequences were expressed using the pMIA vector, a modified form of the pMIG vector (21, 60) that contains v-abl sequences downstream of the internal ribosome entry site present in pMIG (Fig.  1A) . Hemagglutinin (HA)-Shc sequences encoding wild-type Shc and the DN mutants ShcY239F, ShcY313/F, and ShcY239/313F from the LacSwitch pOP13 vector (20) were cloned into the NotI site upstream of the internal ribosome entry site in pMIA. The kinase-inactive v-abl mutant D484N (38) was expressed from the pMIG vector. 293T cells were transfected with plasmids encoding v-Abl, different forms of Shc, pMT3N17Rac-1 (50) encoding DN Rac, pSRalphaMSVtkNeoN17Ras (48) encoding DN Ras, pLNCXRaf-1, pLNCXRaf-1Y340/341F, or pLNCXRaf-1Y340/341D (7) by use of PolyFect transfection reagent (QIAGEN). After 24 h, serum-free medium was added; the cells were harvested after an additional 24 h and processed for protein analysis.
Protein analysis. Cell pellets were washed twice with phosphate-buffered saline (PBS) and lysed in lysis buffer (10 mM Tris [pH 7.4], 1% sodium dodecyl sulfate [SDS], 1 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride). The samples were boiled for 5 min and sheared through a 25-gauge needle, and total cell protein was quantitated using a bicinchoninic acid assay kit (Pierce). In most cases, 50 g of protein was fractionated through an SDSpolyacrylamide gel and transferred to a polyvinylidene difluoride membrane (U.S. Biochemicals). For immunoprecipitation, cells were lysed in radioimmunoprecipitation assay buffer (10 mM sodium phosphate [pH 7 .0], 150 mM sodium chloride, 0.1% SDS, 50 mM NaF, 1% NP-40, 2 mM EDTA, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 g of leupeptin/ml) and incubated for 15 min on ice. The lysates were clarified by centrifugation, and protein was quantitated using a bicinchoninic acid assay kit. Equivalent amounts of protein were immunoprecipitated on ice for 1 h. The immune complexes were recovered using protein G-Sepharose beads (Pharmacia), washed with radioimmunoprecipitation assay buffer, eluted by boiling in sample buffer (200 mM Tris [pH 6.8], 4% SDS, 40% glycerol, 0.12% bromophenol blue, 20% 2-mercaptoethanol) for 5 min, fractionated on an SDS polyacrylamide gel, and transferred to a membrane. Membranes were blocked in buffer containing 0.2% I-block (Tropix) and 0.1% Tween 20 in PBS for 1 h, incubated with antibody for 1.5 h, and washed in blocking buffer. The blots were incubated with alkaline phosphatase-conjugated secondary antibodies for 1 h and washed with blocking buffer. Blots were treated with CSPD substrate (Tropix) and exposed to Kodak X-omat AR film. Blots were stripped in stripping buffer (62.5 mM Tris [pH 6.8], 2% SDS, 100 mM 2-mercaptoethanol) and incubated at 55°C for 30 min. Apoptosis and proliferation analysis. Primary bone marrow transformants were analyzed by using an in situ cell death detection kit (Roche) according to the manufacturer's protocol. Infected bone marrow cells were washed and fixed in a 4% paraformaldehyde solution for 1 h. Fixed cells were washed with 1ϫ PBS and permeabilized in 0.1% Triton X-100 in 0.1% sodium citrate for 2 min. Cells were incubated with terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) reaction mix for 1 h, washed, resuspended in PBS, and analyzed by flow cytometry. Primary bone marrow transformants were analyzed for cell expansion by cell counting using a hemocytometer. In some assays, 5 ϫ 10 5 fully transformed pre-B cells were treated with a Mek inhibitor, PD98059 (Calbiochem), and counted using a hemocytometer; viability was determined by trypan blue exclusion.
Rac and Ras assays. Levels of activated Rac were determined by monitoring recovery of active Rac1 via interaction with the Rac1 binding domain of Pak3 fused to glutathione S-transferase protein (GST-PBD) (15) . To generate the GST fusion protein, log phase Escherichia coli cells expressing GST-PBD were grown for 2 h in the presence of 50 g of ampicillin/ml and 0.1 mM isopropyl-␤-D-thiogalactopyranoside. The cells were pelleted, lysed in buffer (50 mM Tris [pH 7.5], 20 mM MgCl 2 , 150 mM NaCl, 0.5% NP-40, 5 mM DTT), and subjected to three freeze-thaw cycles. The lysates were clarified by centrifugation at 11,000 rpm for 30 min, glutathione-Sepharose beads (Pharmacia) were added, and the lysates were incubated for 2 h on a rotating wheel at 4°C. The beads were centrifuged and washed with buffer min in lysis buffer (25 mM Tris [pH 7.5], 5 mM MgCl 2 , 150 mM NaCl, 1% NP-40, 5% glycerol, 1 mM DTT, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 1 g of aprotinin/ml and 1 g of leupeptin/ml) and centrifuged, and the supernatant was added to a spin column containing a SwellGel immobilized glutathione disk and 80 g of GST-RBD fusion protein. To some lysates, 0.1 mM GTP␥S was added as a positive control. The spin column was incubated for 1 h at 4°C with gentle rocking, and the samples were washed three times with lysis buffer; sample buffer was added to the resin, and the samples were boiled to elute the bound Ras proteins. The eluted proteins were resolved on a 15% SDS gel and transferred to a membrane that was probed with anti-Ras antibodies to detect Ras bound to GST-RBD.
RESULTS

DN Shc binds to v-Abl and reduces Shc/Grb2 complex formation.
Earlier experiments have implicated signaling through Shc as important for v-Abl transformation and showed that Shc/Grb2 complexes form in the presence of an active v-Abl protein (35, 38) ; other investigations revealed that expression of ShcY239F, ShcY313F, and ShcY239/313F disrupts Shc/ Grb2 association in several cell types (20, 45) . To test the effects of these DN mutants in the Ab-MLV system, their ability to bind v-Abl and reduce Shc/Grb2 complex formation was examined by transfecting 293T cells with vectors expressing v-Abl and the various forms of Shc (Fig. 1A ). Lysates were prepared 48 h later, immunoprecipitated with antibodies directed against v-Abl, and analyzed by Western blotting with anti-HA antibodies to verify that the DN forms of Shc bind v-Abl (Fig. 1B) . HA-Shc was recovered from all samples, indicating that the mutations present in the DN forms do not block interaction with v-Abl. In addition, immunoprecipitation of the lysates with anti-Shc antibodies and Western blot analysis with anti-Grb2 antibodies revealed that three-to fourfoldlower levels of Grb2 were recovered when either ShcY239F or ShcY313F was expressed whereas reductions of 20-to 50-fold were observed with samples expressing ShcY239/313F (Fig.  1C) . These data indicate that the DN Shc associates with v-Abl and interferes with the ability of v-Abl to stimulate formation of Shc/Grb2 complexes. DN forms of Shc reduce Ab-MLV-mediated pre-B-cell transformation. Shc has been postulated to be an important signaling intermediate in Abl-mediated transformation (16, 35, 38) . To test this idea directly, bone marrow cells were infected with matched titer stocks expressing v-Abl and DN Shc, plated in liquid cultures, and monitored for pre-B-cell transformation. In this assay, cultures are considered transformed when the density of pre-B cells that can be readily subcultured exceeds 2 ϫ 10 6 cells/ml (1, 26, 62) ; the number of dishes that transform and the time required for transformation are directly related to the titer of virus used for infection ( Fig. 2A) . Analyses of cultures infected with the different Shc viruses revealed that fewer cultures infected with viruses expressing DN Shc underwent transformation and that a longer time period was required before the culture could be scored as transformed (Fig.  2B) . Consistent with the results obtained for Shc/Grb2 association, the effect of the ShcY239/313F mutant was greatest with only 4 of 18 cultures undergoing transformation after an extended latent period. These data indicate that functional Shc is required for efficient Ab-MLV-mediated pre-B-cell transformation.
DN Shc does not affect pre-B-cell survival, Akt phosphorylation, or c-Myc expression. Ab-MLV-induced pre-B-cell transformation involves growth stimulation and suppression of apoptosis (8, 26) , responses that might require functional Shc. PI3-K and Akt are particularly important for survival of Ab-MLV-transformed cells (55) , and Shc can activate this pathway via Gab2, a molecule required for Bcr/Abl mediated-transformation (19, 46) . To determine whether Shc facilitates v-Ablmediated effects on cell survival, bone marrow cells were infected with matched titer stocks and plated in liquid cultures.
FIG. 2. Expression of DN Shc reduces Ab-MLV pre-B-cell transformation. (A)
Bone marrow cultures were infected with dilutions of Ab-MLV (छ, undiluted; E, 1:10; ࡗ, 1:100; OE, 1:1,000) and scored as transformed when they contained 2 ϫ 10 6 pre-B transformants/ml (1, 26, 62) . Each point represents an individual culture. The transformation curves were compared using a log-rank test: P120 undiluted versus P120 1:10, P Ͻ 0.0001; P120 undiluted versus P120 1:100, P Ͻ 0.0001; P120 undiluted versus P120 1:1,000, P Ͻ 0.0001. (B) Bone marrow cells were infected with matched titer stocks of P120/Shc or P120/DNShc viruses (छ, P120/Shc; ࡗ, P120/ShcY239F; E, P120/ShcY313F; OE, P120/ShcY239/313F) and scored as transformed when they contained 2 ϫ 10 6 cells per ml. Each point represents an individual culture. The transformation curves were compared using a log-rank test: P120/Shc versus P120/ShcY239F, P ϭ 0.0187; P120/Shc versus P120/ShcY313F, P ϭ 0.003; P120/Shc versus P120/ShcY239/313F, P ϭ 0.0002. The cells were collected after uninfected nonadherent cells had disappeared from the cultures, and apoptosis was evaluated by TUNEL and flow cytometry. Apoptosis was low in all cultures, and no differences in apoptosis were associated with expression of DN Shc (Fig. 3A) . Consistent with these analyses, cell counting using phase microscopy also revealed the presence of low numbers of dying cells in cultures similar to the results seen with those analyzed by TUNEL. These results suggest that signaling mediated via Shc is not required to maintain the survival of Ab-MLV-infected pre-B cells.
To determine whether expression of DN Shc affects Akt activation, lysates were prepared from cultures infected with the different viruses and the expression and phosphorylation status of Akt was determined. Although the levels of Akt differed from sample to sample, the ratios of phosphorylated Akt to total Akt were similar in all cases (Fig. 3B) . These data, coupled with those from the apoptosis assay, indicate that DN Shc does not disrupt signals that activate Akt and is not an important intermediate in the pathway(s) that affects survival of Ab-MLV-infected pre-B cells.
Increased expression of c-Myc is also associated with v-Abl expression (67) , and DN Myc blocks Ab-MLV transformation (47) . To determine whether DN Shc affects the pathway by which v-Abl stimulates c-Myc expression, lysates were prepared as described for the Akt experiment and analyzed by Western blotting for levels of c-Myc (Fig. 3C) . Although the amounts of c-Myc recovered differed for the panels of cells tested, no consistent changes were observed that correlated with the presence of DN Shc. These data indicate that v-Abl signals that affect c-Myc expression do not travel through Shc.
DN Shc disrupts v-Abl-stimulated cell proliferation. Signals transmitted via Shc can stimulate growth of some cell types through effects on Ras (54), an obligate intermediate in Ab-MLV transformation (48) . To determine whether expression of DN Shc affects the ability of Ab-MLV-infected cells to grow, bone marrow cells were infected with matched titer stocks and plated in liquid cultures. Consistent with the transformation experiments, only a fraction of the cultures infected with viruses expressing v-Abl and DN Shc grew during the course of the experiment. Cells in the expanding dishes were counted using a hemocytometer on a regular basis for 3 weeks after control infected cultures had reached the stage of primary transformation. These analyses revealed that most cultures expressing DN Shc, including the representatives shown in Fig.  4A , expand more slowly than cultures expressing P120/Shc.
Changes in growth profile correlate with loss of DN Shc expression in some instances (Fig. 4B) . Among all cultures examined, 2 of 13 expressing ShcY313F and 3 of 9 expressing ShcY239/313F lost DN Shc expression; 1 of 19 cultures expressing the wild-type form of Shc also lost Shc expression. Other mutations that could compensate for continued expression of DN Shc, such as increased expression of Ras, may occur in other cultures. Taken together, these data indicate that Shc function is important for Ab-MLV-mediated cell proliferation. (48) , and Shc/Grb2 association facilitates Ras activation by bringing the Ras exchange factor Sos into proximity with Ras (13, 44) . To determine whether DN Shc interferes with the ability of v-Abl to activate Ras, 293T cells were transfected with DNA expressing v-Abl and the various forms of Shc and lysates were prepared 48 h later. The level of activated Ras was assessed by monitoring the amount of Ras that bound to GST-RBD (22) . Expression of v-Abl increased Ras activation fourfold (Fig. 5A) . Consistent with the ability of the different DN Shc forms to interfere with Grb2 association, expression of either ShcY239F or ShcY313F reduced Ras activation by about twofold; expression of ShcY239/ 313F reduced Ras activation threefold (Fig. 5B) . Because even ShcY239/313F does not completely abolish Ras activation, these data suggest that a Shc-independent pathway affecting Ras activity probably exists. This idea is consistent with the observation that active Ras is required for expression of v-Ablstimulated c-Myc (67), a downstream molecule that is not affected by DN Shc. Nonetheless, these results also indicate that Shc is required for efficient Ras activation by v-Abl.
DN Shc alters Ras activation. Activation of Ras is critical for Ab-MLV transformation
MAP kinase is required for growth and is affected by DN Shc. The MAP kinase pathway is one major route by which Ras transmits signals for growth (23) . However, earlier studies of Ab-MLV-transformed NIH 3T3 cells (64) suggested that this (Fig. 6A) , the treated samples grew more slowly than mock-treated controls. Consistent with a role for the MAP kinase pathway in growth, treatment with concentrations of PD98059 that were sufficient to arrest growth did not induce high levels of apoptosis (Fig. 6B) .
To determine whether DN Shc interferes with the ability of v-Abl to activate Erk, 293T cells were transfected with DNA expressing v-Abl and the various forms of Shc, and the phosphorylation status of Erk was examined by Western blotting with anti-phospho-Erk antibodies. As expected (39, 64) , expression of v-Abl increased Erk phosphorylation and DN Ras blocked v-Abl-dependent Erk phosphorylation, confirming that Ras is required for v-Abl signaling to Erk (Fig. 6C) . Expression of Shc Y239F or Shc Y313F reduced the amount of v-Abl-induced Erk phosphorylation by about twofold, while expression of Shc Y239/313F reduced Erk phosphorylation by approximately threefold (Fig. 6D) . Thus, DN Shc reduces but does not fully block v-Abl-mediated Erk phosphorylation, a feature that is consistent with the ability of the mutants to reduce but not fully block Ras activation and transformation. DN Shc does not alter Rac activation. DN Shc does not block Erk activation completely, indicating that v-Abl can signal to Ras and the MAP kinase pathway in multiple ways. Indeed, earlier results indicated that the GTPase Rac is an important mediator of this process in Ab-MLV-transformed cells (42) . To determine whether DN Shc interferes with the ability of v-Abl to activate Rac, COS7 cells were transfected with DNA expressing v-Abl, Myc-tagged Rac, and the various forms of Shc and lysates were prepared 48 h later. The level of activated Rac was determined using GST-PBD (3). Although these analyses confirmed that v-Abl activates Rac, they also demonstrate that DN Shc does not affect Rac activity (Fig.  7A) . In contrast, expression of Myc-tagged DN Rac reduced Erk phosphorylation by about twofold (Fig. 7B) , a reduction similar to that observed in another study (42) . These data, coupled with those demonstrating the effect of DN Shc on Erk phosphorylation, indicate that v-Abl activates Erk via at least two pathways, one involving Rac and another involving signals transmitted through Shc. This redundancy likely contributes to the incomplete ability of DN Shc to block Ab-MLV transformation.
DN Shc affects tyrosine phosphorylation of Raf. The Rac-MAP kinase pathway is not affected by DN Shc. However, Raf connects Ras to the MAP kinase pathway via effects on Mek, an event that is dependent on phosphorylation of Raf at tyrosines 340 and 341 (14) . Although the specific residues have not been identified, v-Abl has been shown to promote Raf phosphorylation (64) , suggesting that signals transmitted via Raf might be involved in the circuit connecting v-Abl and Shc to the MAP kinase pathway. To determine whether v-Abl stimulates phosphorylation of Raf on tyrosines 340 and 341, Ab-MLV-transformed pre-B cells were treated for 4 h with the v-Abl kinase inhibitor STI-571 (33) and lysates were analyzed by Western blotting with antibodies specific for Raf that is tyrosine phosphorylated on residues 340 and 341. The treated samples contained about 10-fold less Raf modified by Y340/ 341 phosphorylation (Fig. 8A) . Thus, an active v-Abl influences Raf activity by stimulating modifications that influence MAP kinase activity.
Consistent with a role for Raf in the pathway from v-Abl to Erk, 293T cells transfected with v-Abl and Raf Y340/341F (57), a variant of Raf that cannot be phosphorylated on residues 340 and 341, displayed threefold-lower levels of Erk phosphorylation in comparison to expression of v-Abl and wild-type Raf (Fig. 8B) . Furthermore, expression of Raf Y340/341D (57), a mutant that mimics constitutive phosphorylation, supplied the necessary signals to phosphorylate Erk in the presence of the kinase-deficient v-Abl mutant, P120D484N (38) , indicating that phosphorylation of Raf on Y340/341 is important for vAbl-mediated Erk phosphorylation.
To determine whether DN Shc is an intermediate in this pathway, Raf Y340/341 phosphorylation was examined in 293T cells that had been cotransfected with P120 and the various forms of Shc. As expected, expression of P120/Shc increased Raf Y340/341 phosphorylation. In contrast, expression of P120 and the different DN Shc forms reduced Raf Y340/341 phosphorylation. Reductions of about twofold were observed when Shc Y239F and Shc Y313F were present, and expression of Shc Y239/313F reduced Raf Y340/341 phosphorylation by approximately fivefold (Fig. 8C) . These data, coupled with the results presented earlier, suggest that Shc affects v-Abl-mediated transformation by reducing signals transmitted to Ras and downstream to the MAP kinase pathway via the Raf protein. (17, 26) . The ability of the Mek inhibitor PD98059 to block growth without disrupting cell survival also supports a critical role for the MAP kinase cascade in this aspect of Ab-MLV transformation. This paradigm appears to extend to the related Bcr/Abl oncoprotein, which also stimulates growth and survival via separate pathways (10, 11) that correlate with activation of the PI3-K/Akt and MAP kinase pathways (27, 34) . However, in this instance, additional signaling cascades affect these circuits because Gab2, an adaptor molecule that can interact with Grb2 in an Shc-independent fashion, has been reported to activate both the PI3-K and MAP kinase pathways (46) . In at least some cytokine-mediated signaling, interactions involving Gab2 appear to be involved in growth stimulation and not survival (19) , even though both growth and survival appear affected by Gab2 in Bcr/Abl-expressing cells (46) . Additional information on the possible role of Gab2 in v-Abl-mediated transformation is needed to determine how this protein may affect the process. Perhaps functionally similar pathways exist in Ab-MLV-transformed cells, but v-Abl does not contain a residue analogous to Y177, the presumptive Bcr/Abl docking site for the Grb2-Gab2 complex.
DISCUSSION
Despite the ability of all the DN Shc forms to decrease v-Abl-induced Shc/Grb2 association and downstream MAP kinase signaling, DN Shc did not completely abolish transformation. One factor that may contribute to this result is the inability of even Shc Y239/313F to completely block Shc/Grb2 association, a feature that has been noted by other investigators (20) . The level of DN Shc expressed in the pre-B cells is similar to the levels of endogenous Shc. Because Shc and v-Abl association involves interaction with the amino-terminal portion of Shc (38), a region not altered in the DN alleles, DN Shc does not block association of Shc and v-Abl (our unpublished data). Thus, cells expressing the DN alleles contain some v-Abl proteins that are bound to endogenous Shc, complexes which may still transmit signals. Secondary mutations affecting the v-Abl-Shc pathway may be responsible in some instances. Several transformants no longer expressed DN Shc, and some others expressed higher levels of Ras than transformants that did not express DN Shc (our unpublished data). In addition, Shc-independent pathways to transformation may exist. v-Abl can activate Ras via p62Dok/RasGAP, another molecule that binds to the v-Abl SH2 domain (6, 26, 65) , via the adapter protein Nck, which binds to the v-Abl COOH terminus (41), or via effects on the PI3-K pathway (52) . Thus, these pathways might be sufficiently active in a subset of infected cells to allow transformation to occur. The Shc Y239F and Y313F mutants have a reduced effect on transformation and signaling compared to the ShcY239/313F mutant. The increased effect of the double mutant is consistent with the ability of this form to markedly reduce association with Grb2 and with other studies (59, 61) which indicate that both Y239 and Y313 are important for association with Grb2. The observation that fewer transformants were derived from cultures expressing v-Abl and ShcY313F may suggest that this residue is more important than Y239, as originally suggested (36) . However, very little difference in signal disruption levels was seen when this mutant was compared with the Y239F mutant. Nonetheless, information concerning the magnitude of the signal that is required to activate downstream pathways and stimulate cell growth is scant, and it is possible that effects in some cells are more pronounced than in others, leading to an overall decrease in transformation following bone marrow cell infection.
A functional Ras protein is required for v-Abl-mediated stimulation of Erk phosphorylation, but there are several ways in which Ras can be activated in Ab-MLV-infected cells. Several investigators have suggested that v-Abl promotes Erk activation via a Rac-dependent pathway (42, 64) . Consistent with these experiments, DN Rac expression reduced Erk phosphorylation, but to a more modest degree than expression of DN Ras, suggesting that v-Abl also activates Erk via a Rac-independent pathway. In addition, DN Shc did not affect the ability of Rac to stimulate Erk phosphorylation, placing Shc on a Rac-independent pathway to Erk. A recent study indicating that v-Abl activates Rac via recruitment of molecules at the carboxy terminus (51) also supports a separation of the pathways that lead to Rac from those involving the SH2-interacting Shc protein.
Raf proteins are known to function downstream of Ras and activate the MAP kinase pathway in a number of systems (reviewed in reference 5), and earlier work (58) implicated Raf in v-Abl-stimulated Erk phosphorylation. The ability of v-Abl to stimulate Raf phosphorylation at Y340/341, a modification associated with colocalization of Raf with Ras at the plasma membrane (2, 28, 29) , lends support to this idea. More importantly, the ability of DN Shc to interfere with this phosphorylation places Shc on the pathway by which v-Abl leads to Raf and to the MAP kinase pathway.
The ability of DN Shc to affect Raf phosphorylation and the effects of DN Shc on growth of Ab-MLV-infected pre-B cells identify Raf as an important intermediate on the growth pathways required for v-Abl transformation. Raf has previously been associated with both v-Abl-and Bcr/Abl-mediated apoptotic suppression (27, 34, 64) , an event involving translocation of Raf to the mitochondria that does not influence Erk phosphorylation. Phosphorylation of Raf at serine 338 via Pak has recently been associated with a mitochondrion-dependent role for Raf in endothelial cell survival (2) and may be important in Abl-mediated responses as well. Indeed, v-Abl also promotes phosphorylation of Raf at serine 338 (our unpublished observations), suggesting that differential modification of Raf mediates different subcellular localizations with distinct biological consequences. The analyses of Raf modification in the presence of DN Shc suggest that v-Abl affects Raf in two distinct ways by stimulating phosphorylation of either serine 338 or tyrosines 340 and 341. Depending on the modification, Raf functions at distinct cellular locations to mediate different biological responses. The Ab-MLV transformation system provides a useful tool to understand the way v-Abl and other oncoproteins impose specificity on such downstream signals, leading to different aspects of the transformation process.
